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[1] Southern summer low-ozone events (LOEs) are examined using Met Office ozone
analyses for 2005-2007. At 31 hPa, tongues of low-ozone air are pulled out of the polar
region and extend to lower latitudes. Low tongues are also seen at 100 hPa, but there the
low ozone is transported from low to high latitudes. These low tongues are frequently
superimposed on one another, meaning that there are often also reductions in total ozone.
What is striking is that at high latitudes, summer total ozone is typically lower over the
Weddell Sea than at other longitudes. The low-ozone tongues at 31 and 100 hPa are
consistent with transport associated with planetary waves. Daily geopotential height fields
show a poleward and westward wave tilt with height, indicating the presence of baroclinic
waves. The tilt enables the superimposition of the low-ozone tongues at 100 and 31 hPa.
Filtered geopotential height anomalies reveal the presence of waves reported in other
studies and indicate the connection between tropospheric and stratospheric wave dynamics

in driving the LOEs. There is also a high connection between the LOEs and ultraviolet
(UV) Index. The Weddell Sea region gets up to 20-30% more UV than the zonal
mean, and the tip of South America gets about 10-25% more. There have been numerous
studies of the impacts of increased UV on the Antarctic marine ecosystem during the
springtime ozone hole, and our results indicate there is a case for these studies being

extended to the summer LOEs.
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by Met Office ozone analyses, J. Geophys. Res., 116, D06302, doi:10.1029/2010JD014858.

1. Introduction

[2] Tt is well known that column total ozone levels
undergo fluctuations in both hemispheres in winter and
spring associated with the passage of tropospheric weather
systems. Cases where rapid ozone reduction occurs are often
referred to as “ozone miniholes” or “low ozone episodes”
(LOE), and have been documented by a number of authors
[e.g., McKenna et al., 1989; Newman et al., 1988; Peters
et al., 1995; James, 1998]. An ozone column reduction
results from the presence of an anticyclone in the upper
troposphere/lower stratosphere (UTLS). The associated
raising of the tropopause means that a greater proportion of
the column is occupied by ozone-poor tropospheric air. In
addition, the divergence of ozone-rich air out of the column
in the lower stratosphere leads to a further reduction in total
ozone. The total ozone decrease comes from a combination
of these motions plus the horizontal transport of ozone poor
air from lower latitudes. The detailed dynamics is elucidated
in a number of studies, including Allen and Nakamura
[2002] and Hood et al. [2001, and references therein].
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[3] Miniholes of moderate strength occur frequently in
middle and high latitudes [James, 1998; Orsolini et al.,
1998], and a smaller number of very intense miniholes are
often observed in combination with a sudden stratospheric
warming or other distortion of the stratospheric polar vortex.
Case studies of such events include those by Allen and
Nakamura [2002], Hood et al. [2001], Petzoldt et al.
[1994], Petzoldt [1999] and Keil et al. [2007]. In these
events the horizontal advection of ozone-poor air present in
the stratospheric polar vortex over a region where the ozone
column is already reduced due to the presence of a UTLS
anticyclone leads to an even larger reduction in the total
ozone column. Low-ozone episodes have also been observed
to develop over South America southern tip in the spring,
and anticyclonic perturbations were shown to act as “seeds”
to advect poleward tongues of ozone [Canziani et al., 2002].

[4] The above case studies focused on the winter and
spring, but LOEs also exist in summer. Orsolini et al. [2003]
documented LOE:s in the northern summer high latitudes. In
the polar stratosphere, summertime ozone loss is dominated
by nitrogen and hydrogen gas-phase catalytic cycles, which
are efficient at high latitudes because of the long insolation.
These chemical conditions, combined with relatively quiet
dynamical conditions, allow a low-ozone pool of air to form
over the pole. After formation, this low ozone can be
transported to lower latitudes by planetary wave activity.
Note that the upward propagation of planetary waves in the
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lower and middle stratosphere is constrained by the location
of the zero wind line, which is the critical level for quasi-
stationary planetary waves.

[5] In the Southern Hemisphere summer, the lower
stratospheric circulation is characterized by medium-scale
quasi-stationary waves (wave numbers 4—06), first identified
by Schoeberl and Krueger [1983], Randel and Stanford
[1985], and further discussed by Cariolle and Deque
[1986]. LOEs can occur from transport processes in the
tropopause region, i.e., poleward transport of ozone-poor air
and elevated tropopause in anticyclonic conditions, and be
reinforced by transport aloft in the midstratosphere (i.e., the
20-30 km layer) when ozone from the Antarctic pool of low
ozone is transported away from the pole toward lower lati-
tudes. Such a LOE in February 2005 was first reported by
Jackson [2007], in part of a broader study that focused on the
assimilation of ozone data from the Earth Observing System
Microwave Limb Sounder (EOS MLS) and the Solar
Backscatter Ultraviolet Radiometer 2 (SBUV/2) instruments.

[6] Such summertime LOEs can lead to enhancements
in surface ultraviolet (UV) radiation. However, previous
studies of Southern Hemisphere ozone have usually focused
on the spring. It has been shown in several papers [e.g.,
Kirchhoff et al., 1997; Pérez et al., 2000; Cede et al., 2002,
Pazmirio et al., 2005, 2008; de Laat et al., 2010], that the
subpolar regions of the Southern Hemisphere are affected by
short periods of low total ozone values directly linked to
overpasses of the ozone hole. During these episodes, the
subpolar regions experience a pronounced ozone reduction
with generally an enhancement of UV-B radiation, depend-
ing on cloud cover conditions. Other studies have shown
that the populated regions of the South America southern tip
are a preferential area for vortex occurrences in the spring
period [Compagnucci et al., 2001; Huth and Canziani,
2003]. For example, Pazmirio et al. [2005] showed epi-
sodic daily erythemal dose increases larger than twice the
climatological value at Ushuaia (54.9°S, 68.3°W) linked to
vortex occurrences over the station during the period 1997—
2003. The average erythemal UV increase due to these
events was evaluated as 68% over this period.

[7]1 In this paper, the investigation of southern summer
LOEs introduced by Jackson [2007] is extended. The
synoptic evolution of the LOEs is described in more detail,
and a dynamical explanation is attempted. In addition, while
Jackson [2007] focused on January and February 2005, here
the study is extended to the summers of 2005/2006 and
2006/2007.

[8] The layout of this paper is as follows. Details of the
ozone and UV observations used in this study, and a sum-
mary of the data assimilation method appear in section 2.
Section 3 contains a description of the LOEs seen in summer
2005 together with a discussion of the role of dynamics in
their formation. LOEs seen in 2006 and 2007 are described
in section 4, and in section 5 the impact of the LOEs on UV
radiation is described. Conclusions are in section 6.

2. Data and Analysis Methods Used

2.1.

[9] In the experiments discussed here, ozone observations
from EOS MLS and SBUV/2 are assimilated.

Ozone Observations Assimilated
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[10] Vn 1.51 EOS MLS retrievals are used for the 2005
and 2006 experiments, and vn 2.2 for the 2007 experiment.
This was done because the 2005 and 2006 experiments were
run when only vn 1.51 data were available, and the experi-
ments are expensive and time consuming to rerun with
vn 2.2 data. An assessment of the EOS MLS ozone profiles
carried out by Froidevaux et al. [2008], showed that, com-
pared to vn 1.51 retrievals, the vn 2.2 retrievals are in better
agreement with correlative measurements, and in particular
the error in the vertical gradient of stratospheric ozone
(which led to positive biases in the lower stratosphere and
negative biases in the upper stratosphere) is reduced. These
differences are unlikely to have much impact on the com-
parison of results from 2005-2007 here, since a large focus
is on horizontal spatial patterns in the ozone fields, and no
horizontal variation in retrieval error for either version has
been reported.

[11] The vertical resolution of the EOS MLS ozone pro-
files is ~3 km in the upper troposphere/lower stratosphere,
degrading to ~4 km at 215 hPa and 6 km in the mesosphere.
The profiles are considered to be useful in the 215-0.46 hPa
range. Froidevaux et al. [2008] reported that the retrievals
have an overall accuracy of ~1% in the stratosphere and
typically less than ~10% in the upper troposphere (although
sometimes the accuracy is 30—40% in the 200-300 hPa
range). Comparison with other satellite data shows that in
the stratosphere agreement is generally within 5-10% with
data from the Halogen Occultation Experiment (HALOE),
the Stratospheric Aerosol and Gas Experiment (SAGE II),
the Polar Ozone and Aerosol Measurement (POAM III)
and the Atmospheric Chemistry Experiment—Fourier Trans-
form Spectrometer (ACE-FTS) (the versions of the HALOE,
SAGE II, POAM III and ACE-FTS retrievals used in the
comparison were vn 19, vn 6.2, vn 4 and vn 2.2 “ozone
upgrade,” respectively). The bias with respect to these data
sets tends to be slightly too high in the lower stratosphere
and slightly too low in the upper stratosphere. Froidevaux
et al. [2008] also report good overall agreement with
balloon-borne ozone measurements made at Fort Sumner,
USA. In the upper troposphere limited comparison with
Southern Hemisphere Additional Ozonesondes (SHADOZ)
indicate that EOSMLS has a positive bias (sometimes up
to 100%) in the tropics. A more comprehensive validation
against a network of 60 ozonesondes [Jiang et al., 2007]
showed EOS MLS retrievals to be in good agreement with
ozonesondes between 150 and 3 hPa, but to be around
20% higher than ozonesondes at 215 hPa in middle and
high latitudes.

[12] SBUV/2 is a nadir-viewing instrument that infers the
ozone vertical profile by measuring sunlight scattered from
the atmosphere in the middle ultraviolet. The retrievals are
provided in 12 layers but are combined at the European
Centre for Medium-Range Weather Forecasts (ECMWF)
into 6 layers in order to reduce observation correlations. The
6 layers are 0.1-1 hPa, 1-2 hPa, 2—4 hPa, 4-8 hPa, 8-16 hPa
and 16 hPa surface. The horizontal resolution is approxi-
mately 200 km. Contributions to the total error include
calibration errors (due to instrumental drift), which range
from 2% at 100 hPa to 5% at 0.5 hPa, and biases due to solar
zenith angle. A change in zenith angle from 30° to 60° can
lead to systematic errors of —1% to 1%, dependent on the
channel. A comparison with SAGE data shows total root
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Figure 1. Ozone at (left) 31 hPa, (middle) 100 hPa, and (right) total ozone on (a) 31 January 2005,
(b) 5 February 2005, (¢) 11 February 2005, (d) 16 February 2005, (¢) 25 February 2005, (f) 9 March 2005,
and (g) 17 March 2007. “SM” and “DU” on the total ozone plots indicate the locations of San Martin and
Dumont d’Urville, respectively. Units are ppmv for pressure level ozone and DU for total ozone.

mean square (rms) errors of 5-15% in the 100-0.3 hPa
range [Bhartia et al., 1995, 1996].

[13] In addition, we obtained total ozone data from the
Earth Probe Total Ozone Mapping Spectrometer (TOMS) and
the Ozone Monitoring Instrument (OMI) on the AURA sat-
ellite platform (ftp://toms.gsfc.nasa.gov/pub/omi/data/ozone/)
for comparison purposes. All total ozone data were com-
puted from the same OMI-TOMS algorithm vn 8.

2.2. Met Office Assimilation System

[14] The ozone assimilation system is based on a 3D-Var
version of the operational Met Office assimilation system
[Lorenc et al., 2000], and uses a forecast model which is
semi-Lagrangian with a height-based vertical coordinate

[Davies et al., 2005]. The model version used here has a
horizontal resolution of 3.75° longitude by 2.5° latitude and
50 levels in the vertical, from the surface to around 63 km.
EOS MLS and SBUV/2 ozone data are assimilated, together
with meteorological observations from satellites, aircraft,
radiosondes and surface stations. Further details of the
ozone assimilation scheme and the impact of the assimila-
tion of EOS MLS and SBUV/2 data on ozone analyses are
noted by Jackson [2004, 2007], Jackson and Saunders
[2002], and Geer et al. [2006a, 2006b, 2007].

[15] The assimilation was run for three periods: (1) 26
January 2005 to 10 March 2005, (2) 2 January 2006 to
15 February 2006, and (3) 10 January 2007 to 20 March
2007. These experiments were originally designed for other
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Figure 1. (continued)

purposes, and the investigation of LOEs has followed later.
These experiments were run on a supercomputer that is now
decommissioned, which means that extending the period
of the experiments, or extending them to other years, is
difficult.

2.3. UV Data and Dose Calculation Method

[16] We simulated UV indices for clear sky using the
FastRT ultraviolet radiation simulation tool [Engelsen and
Kylling, 2005]. The UV Index is the erythemal dose rate
at local solar noon in mW m 2 divided by 25. The erythemal
dose rate is defined as the integral of the UV spectral irra-
diances (290-400 nm) incident at a horizontal surface
weighted by the standard erythemal action spectrum
[MacKinley and Diffey, 1987]. When assessing the effect

of ozone variations on the UV-B dose, we assumed ideal
conditions with no aerosols and a black, nonreflecting sur-
face, and used column ozone amounts from OMI. The OMI
total ozone shown here, and the OMI ozone used in the UV
Index calculation, excludes observations pertaining to solar
zenith angles greater than 85°.

3. Low-Ozone Events in the Southern Polar
Stratosphere in Late Summer 2005

3.1.

[17] We first illustrate that there is significant transport
from the polar regions to the lower latitudes in the SH
midstratosphere. Figure 1 illustrates the evolution of the
LOE during the course of the analysis, using ozone fields at

Synoptic Description
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31 hPa from 6 days during the analysis period. On all days,
ozone is lowest over or near the pole. Here, ozone is less
than 2.0 ppmv. Tongues of low ozone are also seen, which
extend to lower latitudes. On 31 January 2005, two tongues
are present. One extends northward from the pole across the
Atlantic and westward toward South America. The second
tongue, which is less pronounced, extends northward from
the pole across the Pacific and westward over New Zealand.
These features are related to the presence of anticyclones
located over the southern tip of South America and to the
south of Australia.

[18] By 5 February 2005, the first tongue has thinned and
extended over central Argentina and Chile and the second
has deepened slightly over New Zealand. On 11 February
2005 the tongues in these locations are similar to those on
5 February 2005, but the shape of the low-ozone structure
over the pole changes, indicating a change in the polar
vortex shape and associated transport. After 15 February
2005, the low-ozone tongue in the south Atlantic and central
Argentina and Chile is deeper than on previous days. The
second tongue over the Pacific is still present on these days
but is not generally stronger than on the previous dates.
Even near the end of the run (9 March 2005) the tongue
of low ozone over South America is clearly seen and is at
least as large as tongues of low ozone at other midlatitude
locations.

[19] The ozone pattern at 100 hPa is different to that at
31 hPa. Ozone is greatest near the pole, since the chemical
ozone loss seen at 31 hPa is not important at 100 hPa and,
instead, the ozone distribution is largely controlled by
transport. At middle to high latitudes, especially in the lat-
itude belt 45°S—60°S, the ozone field is distorted by the
medium-scale quasi-stationary waves (zonal wave number
4-6 or so) [e.g., Schoeber! and Krueger; 1983; Randel and
Stanford, 1985; Cariolle and Deque, 1986]. There is also
evidence of poleward (equatorward) transport of ozone-poor
(rich) air from lower (higher) latitudes, associated with the
quasi-stationary ridges and troughs. A prominent pole-
ward intrusion over the Weddell Sea is most evident on
11 February 2005. However, on all 6 days in 2005 shown in
Figure 1, there is a broadly similar pattern of poleward
transport near the southern tip of South America, south of
New Zealand and southeast of South Africa.

[20] Column ozone variability is strongly affected by
UTLS dynamics, but nevertheless, ozone variations in the
midstratosphere (near 30 hPa) have an impact on column
ozone too. That is suggested by Figure 2, which shows time
evolution of ozone partial pressure, calculated from our
analyses, above a station near the tip of South America,
Comodoro Rivadavia, and one across on the Antarctic coast,
San Martin. It is apparent that “dents” near 30 hPa, or
approximately 25 km, are located well into the main ozone
layer, and can hence strongly contribute to the total ozone
reduction. Such low-ozone tongues occur repeatedly at 31
and 100 hPa, as evidenced by both Figure 1 and Figure 2,
and they occasionally overlay each other. Tongues of low
total ozone are often collocated with these low-ozone tongues
(Figure 1); this is most obviously seen on 11 February 2005.
Another such example is seen to the southwest of South
America on 25 February 2005. In addition, on all 6 days in
2005 shown in Figure 1 local total ozone minima to the
south of South America, New Zealand and South Africa
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generally show some deal of correspondence with similar
local minima in ozone mixing ratio seen at 100 hPa.

[21] The temporal variation of total ozone from our
analyses at selected locations is shown more fully in
Figure 3. It already appears clear from Figure 1 that ozone is
often lower near the southern tip of South America than at
other locations. This is confirmed by Figure 3: a comparison
of total ozone at locations around the edge of the Antarctic
continent shows that total ozone at San Martin (which is a
similar longitude to South America) is frequently less than
300 DU and on two occasions is less than 260 DU, whereas
at Dumont D’Urville, which is approximately 180° around
the latitude circle from San Martin, total ozone is rarely less
than 300 DU. For reference, the locations of Dumont
D’Urville and San Martin are also noted on the total ozone
maps in Figure 1.

[22] For stations located in populated areas between 40 and
45°8S, total ozone over South America (Comodoro Rivadavia)
is generally lowest, most clearly near 11 February 2005 and
25 February 2005 (dates which have already been discussed
above). Figure 3 shows that total ozone there is below
280 DU for almost the whole of February but, by compar-
ison, total ozone at Hobart drops below 280 DU during this
period only infrequently.

3.2. Role of Dynamics in the LOEs

[23] Clearly, stratospheric dynamics play an important
role in determining the structure of these low-ozone fea-
tures. Figure 1 suggests that many of the low total ozone
events are likely due to the superposition of equatorward
(poleward) transport of low ozone at 31 (100) hPa.
Throughout the summer the flow at 100 hPa is generally
cyclonic. In the summer at 31 hPa, the flow is characterized
by a circumpolar westward circulation, but the anticyclone
breaks in January to early February (Figure 4), and by mid-
February, two large anticyclones are seen to interact, the one
near the tip of South America “feeding” on the remnant of
the main anticyclonic summer vortex. This may make the
equatorward transport of low ozone at that level more likely,
as will the associated rapid rise in the location of the zero
wind line from lower to upper stratosphere during that
month.

[24] A comparison of ozone and geopotential height fields
at 31 and 100 hPa during the first LOE of 11 February 2005
(Figures 1 and 4) is instructive in helping to explain the low
total ozone tongues seen on that date. The anticyclone sit-
uated near the southern tip of South America at 31 hPa acts
to transport low-ozone air from the pole over central/
southern Argentina and Chile. At 100 hPa, in that sector,
there is a large cyclonic trough, which is highly variable,
and the anticyclone is farther north and east than at 31 hPa.
The anticyclone and trough are part of the medium-scale
(wave number 4-6) pattern of quasi-stationary waves,
mentioned before. Since the anticyclone is located farther
east at 100 hPa, then over the tip of South America,
advection by the anticyclone results in transport of ozone
poor air from lower latitudes. Similar advection of ozone
poor air from high (low) latitudes at 31 hPa (100 hPa) is also
seen over the Pacific. Therefore superposition of equator-
ward and poleward transport at the two levels (as mentioned
above) does appear to be happening and does seem to
explain the low tongue of total ozone seen in Figure 3. This
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Figure 2. Ozone Partial pressure at (top) San Martin (68.13°S, 67.11°W) and (bottom) Comodoro
Rivadavia (45.80°S, 67.50°W) from 26 February 2005 to 10 March 2005. The LOE events on 11 February
2005 and 25 February 2005 discussed in the text are indicated by arrows. Units are ppmv hPa.

may also be happening on 25 February 2005 (not shown),
although this is less clear cut and, at 31 hPa in particular, the
low-ozone tongue over South America may be residue from
previous transport.

[25] This and other examples show that the anticyclones
thought important for transport slope poleward and west-
ward with height. This slope enables low-ozone features at
100 and 31 hPa to be superimposed on each other. Exami-
nation of other daily plots shows that the anticyclones
develop and decay over a period of a few days. This sug-
gests that bursts of baroclinic wave activity are playing an
important role. These features are seen throughout much of
the experimental period (not just around 11 and 25 February
2005) and at other geographical locations than South
America.

[26] Further insight can be obtained by band-passing
geopotential height fields to select fluctuations between the
synoptic and seasonal scales, following the approach of
Nishii and Nakamura [2004, 2005] and Orsolini and Nikulin
[2006]. A low band-pass filter is first applied to daily Met

Office analyses to remove periods less than 8 days, and then
anomalies are calculated between the filtered field and the
31 day running mean (note that the analyses used are
operational Met Office ones, rather than the ones produced
by the experiments; however, given that the assimilation
system used to produce both sets of analyses is very similar,
differences between the two analyses are very small).
Figure 5 shows Hovmuller plots of filtered geopotential
height anomalies at selected pressure levels and latitudes.
[27] Figure 5 shows the presence of medium-scale (wave
number 3 or 4), eastward propagating waves at 316 and
100 hPa at 45°S and 60°S. This is consistent with the waves
reported by Cariolle and Deque [1986] and Randel and
Stanford [1985]. There is also some evidence of westward
waves in January and early February at 60°S. Similar waves
have been identified in Global Positioning System Radio
Occultation (GPSRO) data during December 2006 to
February 2007 by Shepherd and Tsuda [2008]. At 31 hPa
at 60°S the pattern of eastward and westward waves is quite
similar to that at lower levels. However, the waves at 45°S
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Figure 3. Time series of total ozone for 26 January 2005 to 10 March 2005. (left) Dumont D’Urville
(66.07°S, 140.02°E) (black) and San Martin (68.13°S, 67.11°W) (green). (right) Comodoro Rivadavia
(45.80°S, 67.50°W) (green) and Hobart (42.82°S, 147.50°E) (red).

are now predominantly westward. At 60°S, anticyclones are
initially the remnants of the (anticyclonic) summer vortex
and, at 45°S and 60°S, the most intense anticyclones are
later present over either South America or the Pacific, which
are the locations where low-ozone tongues at 31 hPa are
present. The displacement of the upper-level low-ozone
pool may thus be related to the occurrence of ultralong
stationary or slowly westward-propagating waves.

[28] The Hovmuller plots show a strong correlation in
pressure level. Between 316 and 100 hPa the correlation is
0.89 at 60°S and 0.86 at 45°S. Between 100 and 31 hPa it is
0.88 at 60°S but 0.75 at 45°S. This gives credence to the
fact that the tropospheric and stratospheric dynamics are
connected, while also confirming the increasing importance
of westward waves at 45°S between 100 and 31 hPa.

[20] Figure 6 shows a further example of the connection
between tropospheric and stratospheric dynamics. In the
example shown, an anticyclone develops on 6 February
2005 around 300° and 350 hPa. Over the next 5 days the
anticyclone grows in strength around this location, but it also
extends quickly upward to the stratosphere by 7 February
2005, and in the subsequent 4 days rapidly strengthens in the
stratosphere at all heights below the zero wind line. It is
associated with the rapid buildup of the Southern America
anticyclone at 30 hPa, feeding from the main vortex remnant
(Figure 4). It also tilts westward with height, indicating its
baroclinicity. In the next few days this anticyclone rapidly
weakens in the stratosphere (not shown), indicating the
transient nature of such waves.

[30] Similar plots to Figure 6 show the importance of the
location of the zero wind line in controlling the vertical
extent of such waves. In January at 60°S the zero wind
line is typically located at around 30-40 hPa, compared to
10-20 hPa in February, which explains why low-ozone
tongues in that month at 31 hPa are less prominent than in
February or March (Figure 1). In addition, at 45°S the zero

wind line in February is around 30 hPa and there is little or
no wave motion above that level. This can explain why the
low-ozone tongues seen in Figure 1 do not tend to extend
equatorward of around 45°S and instead get increasingly
elongated with time at that latitude. This indicates transport
by the zonally symmetric, rather than eddy, flow.

4. LOEs in 2006 and 2007

[31] Figure 7 is similar to Figure 3, except total ozone
values from 2006 and 2007 are shown. A striking result is
that in both these years, as with 2005, total ozone at San
Martin is clearly lower than at Dumont d’Urville. Total
ozone at San Martin is frequently less than 300 DU, and at
Dumont d’Urville it is usually greater than 300 DU, at least
up until early March. A difference from 2005 is that there
appears to be more of a decrease in total ozone with time in
2006 and 2007.

[32] To investigate whether this feature is present in other
years, in Figure 7 we also show the February—March mean
total ozone from the combined TOMS and OMI record for
1997-2007 (a combination required because the EarthProbe
TOMS instrument ceased operations in 2005 and OMI was
only launched in 2004). The TOMS/OMI fields reveal a
pronounced crescent-like zonal asymmetry around 60°S,
with lower total ozone in the western hemisphere than the
eastern. Furthermore, between around 65°S and 70°S, there
is a minimum in total ozone located near the Antarctic
Peninsula. This is a region where the radius and density of
surface cyclones are lower in summer [Yuan et al., 2009].
Similar patterns are seen in 1979-1992 Nimbus 7 TOMS
total ozone data (not shown), indicating the climatological
robustness of the results. The pattern in the TOMS/OMI
total ozone record is consistent with what is shown in the
total ozone time series for 2005-2007 at San Martin and
Dumont d’Urville. Another crescent-like zonal asymmetry
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Figure 4. Geopotential height at (left) 31 hPa and (right) 100 h Pa for (a) 31 January 2005, (b) 5 Feb-
ruary 2005, (c¢) 11 February 2005, (d) 16 February 2005, (e) 25 February 2005, (f) 9 March 2005. Color
bars for the 31 hPa and 100 hPa plots are shown on the top left and bottom right, respectively. Units are
meters.
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Figure 7. (left) Total ozone for 2006 (solid line) and 2007 (dashed line) for 2 February to 20 March
period for Dumont D’Urville (66.07°S, 140.02°E) (black) and San Martin (68.13°S, 67.11°W) (green).
(right) Mean February—March TOMS/OMI total ozone for 1997-2007. Units are DU.

has been noted [e.g., Hitchman and Rogal, 2010, and
references therein], but in that case it occurs between August
and October and the ozone maximum is located south of
Australia.

[33] Our results show that there are considerable simi-
larities between the ozone fields in 2005 and 2006. This can
be at least partially explained by the fact that throughout
January and February in both years the zero wind line at
middle to high latitudes is located at a similar level (30—
40 hPa). This suggests that the potential for wave propa-
gation to the lower stratosphere is similar in both years.
Accordingly, we do not discuss the results for 2006 in any
more detail.

[34] Hovmuller plots of filtered geopotential height for
2007 (not shown) are fairly similar to those for 2005
(Figure 5) and 2006 (not shown). However, an examination
of LOEs via pressure level plots reveals that the LOEs in
2007 do differ from the other 2 years studied, although the
difference is still quite slight. For example, during January
the ozone minimum over the pole at 31 hPa is less distinct
and the meridional gradient at high latitudes is accordingly
often less strong. Furthermore, in February and March 2007,
although ozone at 31 hPa is still low near the Weddell Sea,
as in 2005 and 2006, there is also a prominent polar ozone
minimum over the Ross Sea, and the Pacific low-ozone
tongue tends to be located south of Australia rather than to
the east of New Zealand. An example of this is shown in
Figure 1 for 17 March 2007. This difference is related to the
fact that the major anticyclones seen at 31 hPa in February
2007 are typically located farther west than those in 2005
(Figure 4) or 2006. These anticyclones are remnants of the
summer anticyclonic vortex, and their locations may depend
on the details of the processes responsible for the breakup of
that vortex.

[35] Shepherd and Tsuda [2008] suggested that the plan-
etary wave activity they reported, and which we also see
here, may be related to the breaking of the Antarctic winter
polar vortex around November or December. It is noted that
the vortex breaks down around the same time in 2004/2005

and 2005/2006, but slightly later in 2006/2007. One may
speculate that this could be a reason why the LOEs in
February 2005 and 2006 are similar, but those in February
2007 differ slightly. In any event, although our results show
that there is interannual variability in the characteristics of
the LOEs, clearly 3 years is not enough to draw any firm
conclusions on such variability.

5. Impact on UV Radiation

[36] The LOEs have a strong effect on the surface UV
radiation, compared to the mean surface UV for that lati-
tude, as was the case for northern hemisphere summer LOEs
[Orsolini et al., 2003]. Figure 8 shows OMI total ozone and
UV Index anomaly (for that latitude and time of year), on
11 February 2005, 25 February 2005 and 17 March 2007.
It dramatically shows the localized region of enhanced UV
Index dose in the low-ozone tongue stretching toward the
South Pole and especially over the Weddell Sea. Locations
there get around 20-30% more UVB than the zonal mean,
and locations near the tip of South America 10-25% more.

[37] The longitudinal distribution of the UV Index for
February 2005-2007 is shown in Figure 9. The longitudinal
structure mirrors the crescent-like ozone structure to first
order. In addition the highest UV Index (greater than 4.0) at
64.5°S is chiefly in the 20°W—100°W region, This region
includes the Antarctic Peninsula/Weddell Sea and Pacific
areas where LOEs are reported above.

[38] The UV Index is the most widely reported quantity
for ultraviolet radiation. It represents the efficiency of sun-
burn of human skin at solar noon. For a UV Index of 3-5 the
general recommendation is “Wear sunglasses and use SPF
15+ sunscreen, cover the body with clothing and a hat, and
seek shade around midday when the Sun is most intense.”
[(EPA SunWise: UV Index, http://epa.gov/sunwise/uvindex.
html).

[39] Phytoplankton photosynthetic rates decrease sharply
in surface waters where cells are exposed to UV radiation
due to inhibition. A UVB threshold of 0.5-0.75 W m 2 exist
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Figure 8. Total ozone from (left) OMI. (right) Ratio of UV Index simulated from the local and zonal
mean (<—20°S) total ozone. (top) Fields for 11 February 2005. (middle) Fields for 25 February 2005.
(bottom) Fields for 17 March 2007. Units are DU for total ozone and percent for UV Index. Note that there
is a discontinuity in the fields near the dateline. This is because the OMI data are retrieved from different
satellite overpasses under changing atmospheric conditions and do not represent a snapshot picture.
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Figure 9. Mean February UV Index for 2005-2007 at
64.5°S calculated from OMI data.

for photosynthetic inhibition to phytoplankton in Antarctic
coastal waters [Smith and Cullen, 1995; Helbling and
Villafane, 2002; Zhou et al., 2009]. In mid-February
under clear-sky conditions at 64.5°S and an ozone column
of 410 (310) DU a threshold of 0.50 (0.75) W m 2 would
correspond to a UV Index of 2.5 (3.5). Reducing the ozone
column from 325 DU to 225 DU (Figure 8) extends the
daily duration of photosynthetic inhibition at the ocean
surface (i.e., when UVB > 0.5 W m %) from 5.5 hto 7.7 h.
Figure 9 shows that the UV indices in the Antarctic summer
exceed the lower levels for UV protection for humans and
photosynthetic inhibition of phytoplankton.

6. Summary and Discussion

[40] In this paper, we examined LOEs in the southern
summer stratosphere from ozone analyses produced using
the Met Office ozone data assimilation system. Ozone data
from EOS MLS and SBUV/2 were assimilated and experi-
ments were performed for January—March 2005, 2006 and
2007 using the Met Office ozone data assimilation system.

[41] Our results show that at 31 hPa in February tongues
of low-ozone air are pulled out of the polar region and
extend to lower latitudes. These tongues are most prominent
over the southern tip of South America and the Pacific and
the patterns have many similarities in all 3 years studied.
Low tongues at these locations are also seen at 100 hPa, but
in this case transport of low ozone from low to high latitudes
is taking place. Low tongues at both levels are frequently
superimposed on one another, meaning that there are often
also reductions in total ozone. What is striking from our
results and from OMI total ozone analyses is that around the
edge of the Antarctic, total ozone throughout January to
March is typically lower over the Weddell Sea than at other
longitudes.
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[42] The low-ozone tongues at 31 (100) hPa are consistent
with equatorward (poleward) transport of low ozone to
lower (higher) latitudes by planetary wave activity. Daily
geopotential height fields show that anticyclonic circulations
that contribute to these patterns tilt poleward and westward
with height, and develop and decay over the period of a few
days. This indicates the important role that baroclinic waves
play and also the slope with height enables low-ozone
features at 100 and 31 hPa to be superimposed on each
other.

[43] Examination of filtered geopotential height anomalies
reveals the presence of waves reported in other studies and
indicates the clear connection between tropospheric and
stratospheric wave dynamics in driving such summertime
LOEs. There are medium-scale (wave number 3 or 4),
eastward propagating waves present at 316 and 100 hPa at
45 and 60°S. This is consistent with the waves reported by
Cariolle and Deque [1986] and Randel and Stanford [1985].
At 31 hPa at 60°S the pattern of waves is quite similar to
that at lower levels, but at 45°S there is a switch to a pre-
dominantly westward pattern. The displacement of the upper-
level low-ozone pool may thus be related to the occurrence
of ultralong stationary or slowly westward-propagating
waves. Such waves have been observed in summer 2006/07,
in GPSRO temperature observations at high southern lati-
tudes [Shepherd and Tsuda, 2008].

[44] An important question is whether the Weddell Sea
is a preferred region for such LOEs. Clearly, 3 years is
isufficient to comment on the robustness of this feature,
and therefore a follow-on study which was based on a much
longer duration data set, such as ECMWEF reanalyses, would
be desirable. There is little indication from the literature as
to why total ozone tends to be lower in the Weddell Sea
area, or why LOEs seem to form frequently in this region.
One clue comes from Yuan et al. [2009], who used ECMWF
analyses from 1999 to 2006 to show that the radius and
density of surface level cyclones is lower in southern sum-
mer over the Weddell Sea than at other locations around the
same latitude circle. This may indicate by corollary a higher
frequency of surface anticyclones over the Weddell Sea
which might also lead to a higher frequency of anticyclones
near 100 hPa, which would then contribute to, as discussed
in this paper, low ozone in the stratosphere. Further support
comes from Cariolle and Deque [1986], who show varia-
tions in the squared amplitudes of wave number 4-6 waves
which appear well correlated in time between the 700, 300
and 100 hPa. However, phase differences between these
levels were not discussed, and our argument for a linkage
between the surface and lower stratosphere anticyclones
over the Weddell Sea assumes an equivalent barotropic
structure throughout the troposphere, and then a transition to
a baroclinic structure (consistent with the results presented
in this paper) in the stratosphere. It is not clear how fre-
quently the barotropic structure exists, and further investi-
gation is required to find the answer to this question.

[45] There is also a high correlation between the regions
of low total ozone and UV radiation. Figure 8 shows an
increase in UV Index over the Weddell Sea, and, in addition,
parts of the Antarctic coastline near the Weddell Sea have a
UV Index that is around 20-30% greater than the zonal
mean, and the tip of South America about 10-25% greater.
The Antarctic Peninsula and Weddell Sea make up the most
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diverse and productive Antarctic marine ecosystem, and
thus it is important to understand the impact of increases in
UV on this ecosystem. UV radiation is known to affect
strongly phytoplankton [e.g., Smith et al., 1992] and some
studies have documented increased UV radiation in the
Weddell Sea in spring [e.g., Lubin et al., 2004] and the
associated photoinhibition in Antarctic plankton. Smith et al.
[1992] found that the Antarctic springtime ozone depletion
of the ozone column from 300 DU to 200 DU could reduce
the primary production in the marginal ice zone by at least
6—-12%. Later studies indicate positive impacts of ozone
depletion on aquatic primary production [Hamre et al.,
2008]. Most such studies have, understandably enough,
focused on Antarctic spring, where ozone depletion is
larger. Now that this study has served to document the
existence of summertime LOEs, it may be worthwhile to
extend studies of the impact of enhanced UV radiation on
the marine ecosystem to summer, especially since, in the
Antarctic, the UV Index during the summertime LOE events
is similar to the UV Index during the springtime ozone hole.
It is unclear what kind of impact these short-term UV var-
iations in a season of strong UV fluxes, albeit large, would
have on ecosystems, though it is worth pointing out that the
impact may be magnified by the lower sea ice amounts
present in the Weddell Sea in summer. The impact of UV
fluxes on primary production is not necessarily the same as
during spring [Smith et al., 1992] because the vertical pro-
files of phytoplankton are much more variable after the
initial spring bloom in the marginal ice zone [e.g., Engelsen
et al., 2002].
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